• Background and Aims Community ecologists are principally occupied with the 3 proposition that natural assemblages of species exhibit orderliness and with 4 identifying its causes. Plant-pollinator networks exhibit a variety of orderly 5 properties, one of which is 'nestedness'. Nestedness has been attributed to 6 various causes, but we propose a further influence arising from the phylogenetic 7 structure of the biochemical constraints on the pollen diets of bees. We use an 8 artificial assemblage as an opportunity to isolate the action of this mechanism. 9
INTRODUCTION 1 2
Community ecologists are principally occupied with the proposition that natural 3 assemblages of species exhibit orderliness (Hutchinson, 1953) . Formally, the 4 orderliness of a natural assemblage can be established by comparison with randomly 5 assembled communities, which are produced by computer algorithms (Connor and 6 Simberloff, 1979) . If interactions among species are depicted as web diagrams 7 (Elton, 1927; Lindeman 1942) , orderliness can be sought in the patterns that become 8 apparent (Briand and Cohen). For webs that depict trophic relationships, or food 9 webs, various generalizations emerge (Dunne, 2005) . For example, food chains are 10 typically short and cycles are rare (Cohen, 1989) . It is natural to ask after the causes 11 of these patterns. Some recurrent structural motifs that are attributable to their 12 relative stability when interactions affect the population dynamics of species (May, 13 1972 ), but it is important also to recognize that interactions between species are 14 based on individual-level mechanisms. For example, predator-prey relations depend 15 greatly on size relationships (whether it is feasible for a predator to subdue and eat a 16 certain prey) and on the economic decisions made by predators (whether it is 17 worthwhile for a predator to eat a certain prey; Elton, 1927) and some important 18 structural motifs of food webs are well explained by this (Beckerman et al., 2006; 19 Petchey et al., 2008) . Mechanisms that arise from the intrinsic morphological and 20 physiological attributes of organisms could structure newly assembled communities 21 that lack the influences of biogeographic filters, which affect the likelihood that a 22 species colonizes the site, and ecological sorting, in which some species exclude 23 others through interspecific interactions, such as competition (Chave, 2009) and 24 predation (Holt, 2009) . Here, we investigate orderliness in the interaction web of a 25 of visiting a flower) and neurological constraints (the feasibility of recognizing and 1 handling a flower) do not limit the dietary range of bees, an evaluation of nestedness 2 among pollinators is a test of the capacity for the biochemical attributes of pollen to 3 structure a plant-pollinator community. 4 5 Specialized pollination in plants is typically considered as being achieved through 6 morphological adaptations of the flower, such as long spurs that act as deep wells to 7 conceal nectar from all except the longest-tongued visitors, and these adaptations 8 function as 'filters' to exclude particular floral visitors (Johnson and Steiner, 2000) . If 9 these filters are phylogenetically derived traits, then the 'pollinator diets' of 10 specialized plants will be subsets of an ancestral generalized diet, which could cause 11 nestedness. However, nestedness may arise despite morphological homogeneity 12 among flowers, if there are derived biochemical traits that also act as filters, such as 13 floral scent (Dotterl and Vereecken, 2010) and nectar allelochemicals (Shuttleworth 14 and Johnson, 2009 ). Potentially, the biochemical composition of pollen could be a 15 filter and its evolution could contribute to nestedness in the Pullman network. If we 16 are correct in proposing that morphological filters against bees are largely absent 17 among the flowers of the Pullman network, an evaluation of nestedness among 18 plants is a test of the capacity for biochemical attributes of pollen to structure a plant-19 pollinator community. 20
21
The mechanism for generating nestedness that we propose has a phylogenetic 22 basis. If it operates on the Pullman network, we expect to detect strong phylogenetic 23 influence in other ways. We therefore evaluate the Pullman network for phylogenetic 24 signal, which is the tendency of evolutionarily-related species to resemble each other 25 more than species drawn at random from across the evolutionary tree (Blomberg and 1 Garland, 2002) . In mutualist networks, the presence of phylogenetic signal means 2 that related species will tend to interact with the same subset of partner mutualists. 3
Phylogenetic signal is a recurring pattern in natural plant-pollinator networks 4 (Rezende et al., 2007) and we therefore test for it in our artificial community. We 5 also test for a further phylogenetic influence on network structure, 'phylogenetic 6 reciprocy', which we define as the tendency of the partners of evolutionarily related 7 species to be, themselves, related. 8 9 10
MATERIALS AND METHODS 11 12

Study system 13
The plant-pollinator community that we analysed was described by Clement et al. To test the adequacy of the procedure for collecting bees, we examined whether 6 there was an asymptote in the species accumulation curve, i.e. the relationship 7 between the number of bee species collected and the number of plant species 8 sampled. We fitted a three-parameter asymptotic exponential curve to this 9 relationship (i.e. number of bee species collected = a -be indicates the response of a network to the elimination of a given fraction of species of 25 one guild, after which some species of the other guild may be left without connection 1 and hence become extinct. Thus, the ATC relates the fraction of surviving species of 2 one guild to the fraction of eliminated (attacked) species of the other guild. The ATC 3 of a network depends on its level of nestedness and the attack strategy deployed 4 against it. If the attack strategy eliminates species in one guild by beginning with the 5 most highly connected and proceeding rankwise to the least connected, then 6 perfectly nested networks have a distinctive, convex-shaped ATC signature. If, 7 instead, elimination proceeds from the least connected, the ATC signature is 8 concave. The quantitative difference between these two signatures can be used as 9 an index of nestedness ( 
This coefficient is correctly bounded, because H = 1 for perfect nestedness and H 24 decreases for increasingly random networks, with H = 0 in the perfectly anti-nested 25 case. We determined the sampling distribution of H under the null hypothesis that 1 species interactions were allocated among nodes randomly and independently, but 2 with the proviso that the degree distributions are fixed in the attacked guild. 3
Biologically, we compare the observed nestedness of a guild to a randomized version 4 of itself, which is one that is connected at random to the available mutualist partners 5 who themselves have pre-defined diet breadths. Statistically, this makes our 6 significance tests more conservative than in a comparison between the observed 7 network structure and the collection of networks with completely randomized 8 connections (Ulrich et al.) . These Monte Carlo randomizations were implemented in 9
Fortran95 (Koelbel et al., 1994) . interactions was independent of phylogeny. We pooled the (m + n) species of clades 23
A and B and used a Monte Carlo randomization to assign them to two groups of size 24 m and n, respectively, and calculated F* as described above. After at least 1000 25 iterations of this randomization, the 95 th percentile of the resulting sampling 1 distribution of F* served as the critical value for rejecting the null hypothesis with a 2 confidence level of P<0.05, etc. Rather than applying this procedure to all possible 3 pairs of clades within a guild, which would inflate the rate of Type 1 error, we 4 proceeded in the style of an orthogonal contrast and compared each clade only with 5 its sister. These Monte Carlo randomizations were implemented in R (Ihaka and 6 Gentleman, 1996) . 7 8 9
Phylogenetic reciprocy 10
11
We tested whether the Pullman network contained significant phylogenetic reciprocy 12 as follows. We defined the phylogenetic distance between two species in the same 13 mutualist guild as the number of cladistic bifurcations that are passed in travelling the 14 shortest route along the phylogenetic tree from one species to the other, with the 15 proviso that the total distance between any species and the root of the tree is equal, 16
i.e. that the distances are ultrametric. Thus, even if a species has no sister taxa 17 between itself and the root of the phylogeny, the phylogenetic distance between that 18 species and the root of the tree is taken to be equal to the greatest number of 19 bifurcations between any species and the root of the tree, etc., which in effect credits 20 both phyletic and cladistic evolutionary change in our quantification of phylogenetic 21 distance. For a given clade of one mutualist guild (genus for plants, family for bees), 22
we calculated the mean phylogenetic distance among its mutualist partners given the 23 observed topology of the network and of the phylogenetic tree, denoted <d obs >, as 24 follows. 25 1 Let K' denote an adjacency matrix whose rows are a subset of those of the 2 community's adjacency matrix, K, such that it describes the mutualist network only 3 for those species that belong to a designated clade. Let D denote a lower 4 triangular matrix, whose non-zero entries are each a phylogenetic distance among 5 pairs of species of the other mutualist guild. The phylogenetic distances among the 6 pairs of members of this guild linked through members of the other guild are the 7 elements of W, a matrix that is given by the product K T KD, where K T denotes the 8 transpose of K. The mean phylogenetic distance among the mutualist partners 9
given the observed topology of the network and of the phylogenetic tree, <d obs >, is 10 given by: 11
where k total is the number of mutualist pairs that are connected through the network 14 specified by K'. To determine the sampling distribution of <d> under the null 15 hypothesis that a clade interacts with its mutualists independently of their 16 phylogenetic relatedness, we randomized the mutualist's phylogeny in relation to the 17 network by permuting the labels of the rows and columns of D, which maintains the 18 topology of the phylogeny, but randomly connects it to the network . For each 19 randomization, we used Eq 2 to calculate <d rand >, the mean phylogenetic distance 20 among the connected mutualists given the observed topology of the network and the 21 randomized phylogenetic tree. The Monte Carlo sampling distribution of <d rand > was 22 then obtained from at least 1000 permutations of the phylogenetic tree and its critical 23 percentiles compared with <d obs >. 24 25 Cresswell & Hernandez: 16 For bees, we used a published phylogeny (Danforth et al., 2006) with the following 1 taxa including the species at the branch tips: Andrenidae, non-social Apidae 2 (Anthophora, Eucera), Social Apidae (A. melifera and Bombus spp.), Colletidae, 3 Halictidae, and Megachilidae, which yielded a maximum ultrametric pairwise distance 4 between species of d = 10. For plants, we used a simple, unresolved tree with two 5 taxa, Astragalus spp. and Onobrychis spp., that included the species at the branch 6 tips, which yielded a maximum ultrametric distance of d = 4. These Monte Carlo 7 randomizations were implemented in R (Ihaka and Gentleman, 1996) . 8 9 10 RESULTS 11
12
The field investigators collected 52 bee species that were associated with 37 plant 13 species. For bees, the fitted species accumulation curves were well described by 14 three-parameter asymptotic exponential relationships (mean r-squared = 0.97, SD = 15 0.016, n = 20) and these curves had an average asymptotic value of approximately 16 56.5 (SE = 1.94, n = 19). The observed species richness was significantly lower than 17 this (t-test, t = 2.35, df = 19, P < 0.05). These results indicate that the collections 18 from the nurseries had sampled almost all of the available bee species in the locality, 19 but that we estimate that about four bee species were missing from the network. 20
21
The community yielded 258 pairwise interactions (Fig. 2 ) from a potential of (52 × 37) 22 = 1924, which is a network density of 13.4%. Among bees, the mean number of 23 plant partners was 5.0 (SE = 0.70, n = 52; Fig.1 ) and the mean pairwise ecological 24 similarity was <S> = 0.12 (SE = 0.004, n = 2704). Among plants, the mean number of 25 insect partners was 7.0 (SE = 0.90, n = 37; Fig. 1 ) and the mean pairwise ecological 1 similarity was <S> = 0.14 (SE = 0.004, n = 1332). 2 3 Nestedness 4
According to the conventional index, the network is significantly nested (Fig. 3; N =  5 0.88, P < 0.05). For both bees and plants, the Pullman network is significantly more 6 nested than randomized networks (H ≈ 0.55, P < 0.001; Fig. 4 ), but the ATCs are 7 straight for both animals and plants, which implies that the system is at the order-8 disorder transition. 9
10
Phylogenetic signal 11
Overall, the clades of bees were significantly differentiated in floral associations 12 (AMOVA, PhiPT=0.08, P = 0.013) and there was significant pairwise differentiation 13 among some sister clades (Fig. 5) . The two genera of plants were significantly 14 differentiated in their mutualistic partners; the mean pairwise ecological similarity 15 within genera was <S within > = 0.17 and the ratio of similarity between vs. within the 16 genera was F* = 1.68 (P<0.001). 17
18
Phylogenetic reciprocy 19
Phylogenetic reciprocy was evident among clades of both plant and animal 20 mutualists. The partners of various clades of bees were themselves significantly 21 closely related (Fig. 6a) . This occurred when clades of bees had dietary preferences 22 for species of Astragalus (e.g. Megachilidae, Apidae). Similarly, the partners of the 23 plant genera were significantly closely related (Fig. 6b) . Despite its artificial origin, the Pullman network has some attributes in the normal 5 range for networks describing natural plant-pollinator communities, such its density 6 and degree distributions, but with respect to nestedness, it is special. The Pullman 7 network shows significant orderliness in this aspect, although networks from natural 8 systems are more strongly nested, particularly for the animal guild where 0. 6 ≤ H ≤ 9 0.75 (Burgos et al., 2009 ). If we were to use a self-ordering algorithm to progress 10 step-wise towards a nested network starting from a random one, the network would 11 pass through an order-disorder transition, which is situated at the point where the 12 ATC curves are flat and H = 0.5 (Burgos et al., 2009) . The Pullman network is 13 almost precisely at this transition. Whatever factors are shaping the Pullman 14 network, we may say that they have brought it to a non-random state of incipient 15 nestedness. What are the factors responsible? 16
17
We have argued that neither interaction neutrality nor size matching are likely to be 18 strong causes of orderliness. The evenness in the abundances of plants in the 19 nursery beds that was intrinsic to the study's design undermines the influence of 20 interaction neutrality and, furthermore, certain results yield tangible evidence to 21 support our claim that size matching is also weak. Specifically, all but two of the 22 plant species were visited by at least one species of solitary bee. Solitary bees are 23 generally smaller than social bees, but it was apparently feasible for a small bee to 24 enter and exploit virtually any of the flowers in the Pullman community. 25
Consequently, we argue that there was no minimum size threshold that restricted 1 certain plants to only the larger insects. We have instead proposed that the 2 evolution of pollen diets in bee lineages (Sedivy et al., 2008) could be a source of 3
nestedness, but what support for this 'dietary constraint hypothesis' is provided by 4 our analysis of the Pullman network? 5 6 When considered at the level of taxonomic family, many of the bee lineages 7 interacted with statistically distinct sets of plant partners, which is consistent with the 8 proposition that lineages experience dietary constraints. These sets were not sharply 9 defined, however, because the levels of pairwise dietary similarity among bee 10 species within lineages was relatively low, being only about 1.4 times greater than 11 the background pairwise similarity of c. 10% plant species in common. Furthermore, 12
we also found that the mutualist partners of bee lineages were themselves related, 13 which we termed phylogenetic reciprocy. When applied to families of bees with the 14 more narrow diets, this finding is a quantitative demonstration of the phenomenon of 15 oligolecty in the strictest sense, namely that the plants that comprise an oligolectic 16 diet shall be themselves taxonomically restricted (Cane and Sipes, 2006) . When this 17 phylogenetic relatedness among plants is reflected in the biochemical similarity of 18 pollen (e.g. Weiner et al., 2010) , this too is consistent with the proposition that dietary 19 constraints limit the taxonomic scope of bee lineages for establishing partners. We 20 therefore postulate that biochemical constraints on bee diets make the network 21 orderly, but that they are only sufficiently powerful to bring the Pullman network to 22 incipient nestedness. Presumably, natural communities are more strongly nested 23 because of the additional contributions of size matching and interactive neutrality . 24 25 Cresswell & Hernandez: 20 Caveats and prospects 1 2 Our description of the Pullman network is probably be missing a few bee species and 3 contains some inappropriate links, because patrolling bees were not distinguished 4 from flower visitors. However, we do not think that these inaccuracies bias our 5 analysis of nestedness (Araujo et al., 2010; Vazquez et al., 2009 ) and the pervasive 6 phylogenetic orderliness that we found in the network gives us confidence that it has 7 abstracted important aspects of biological reality. 8 9
We recognize that the structure of the Pullman network provides only weak support 10 for the hypothesis that its incipient nestedness originated in phylogenetically 11 arranged constraints on the pollen diets of insects, not least because it is possible to 12 invoke an alternative that fits the observed pattern equally well, namely that subtle 13 morphologically-based size matching had created the pattern. Formally, there are 14 nine criteria for scientifically implicating a factor as the cause of a biological effect 15 (Hill, 1965) and our hypothesis that dietary constraint causes nestedness meets only 16 three. Specifically, we have proposed a plausible mechanism, it is analogous to 17 other known mechanisms (e.g. the power of secondary chemicals to organize plant-18 herbivore communities; Becerra, 2007), and it is coherent with known facts about 19 dietary selectivity in bees and the differentials among plant species in the nutritive 20 value of their pollens to bees (Roulston and Cane, 2002; Tasei and Aupinel, 2008) . 21 However, our explanation fails to meet other key criteria, such as the need to show 22 that similar effects on nestedness occur consistently in a range of studies and that 23 the effect is demonstrated experimentally. However, these criteria help to identify 24 some requirements for further work, as follows. First, it will be important to 25 investigate nestedness in networks from additional communities where the 1 contribution of other mechanisms (e.g. size matching) is controlled, which is probably 2 most feasible in artificial plant communities. Second, besides the basic phenomenon 3 of oligolecty, some further particularities of the 'dietary constraint' hypothesis should 4 be investigated mechanistically. Specifically, its validity depends on the existence of 5 nestedness in the biochemical profiles of plant pollens and, furthermore, on the ability 6 of pollinators to make flower choices based on recognising this level of variation, 7 perhaps through associated floral volatiles (Raguso, 2008) . In essence, we propose 8 that valuable progress in understanding plant-pollinator systems may be made 9 through applying the techniques of chemical ecology at the community scale, as has 10 been done elsewhere (Becerra, 2007) . 
